Introduction {#S1}
============

Attention deficit hyperactivity disorder (ADHD) is one of the most prevalent psychiatric disorders ([@B62]). ADHD is mainly characterized by varying degrees of inattention, hyperactivity, and impulsivity ([@B1]) as critical features of the disorder, which are usually accompanied by other concomitant deficits, such as lower emotional/motivational management, impaired fine motor coordination, low management of time, more frequent disruptive behavior, unstable sleep habits, academic achievement lower than their possible intellectual abilities, and impaired quality of life ([@B31]). These symptoms appear at early stages of children's development before the age of 12 ([@B1]) and may change over time ([@B1]), such as decrease in hyperactivity--impulsivity symptoms with age ([@B27]). However, the disorder has been found to be relatively stable and persistent from childhood to adulthood ([@B5]), and it can become a chronic condition that requires social and financial support ([@B60]). Many studies have consistently reported the negative impact of ADHD symptoms on children's academic achievement and socioemotional development. For instance, children with ADHD exhibit impairments in acquiring mathematical and language skills compared to their peers with typical development ([@B45]; [@B17]; [@B52]), problems in their interpersonal relationships with both teachers and peers ([@B7]; [@B21]; [@B57]), and difficulties in social cognition ([@B86]). Additionally, children with ADHD are more likely to report depression and anxiety symptoms ([@B54]; [@B72]).

Although the first case description of ADHD was reported in 1902 ([@B81]), the etiology, diagnosis, and treatment of ADHD are still unclear. Concerning diagnosis, the symptoms of ADHD lack significant specificity, making it difficult to detect the disease at an early stage, and the diagnosis is still mainly based on observation and informant reports ([@B28]). A lack of specificity in the diagnosis increases the possibility that patients may not be correctly diagnosed ([@B48]). In addition, manifestations of ADHD seem to be very heterogeneous, and it is difficult to understand both the neurological and cognitive mechanisms underlying ADHD-related deficits ([@B28]; [@B84]). In a recent systematic review, [@B8] suggest a possible link between a dysregulation of arousal (related to the autonomic nervous system) and a deficit in attentional and executive functions as the core problem associated with ADHD. In this line, the attentional network model proposed by [@B65] can be deemed as an appropriate theoretical framework to account for ADHD dysfunctions ([@B9]; [@B65]). From a cognitive neuroscience approach, the model proposes that attention is an organic system that comprises a variety of neural processes ([@B64]; [@B30]). According to [@B64], three specialized attentional neural networks are strictly linked with the activity of specific neuromodulator systems subtending three different attentional functions: (1) alerting -- defined as achieving (phasic alerting) and maintaining (tonic alerting or vigilance) a general state of activation (or arousal) of the cognitive system, (2) orienting -- defined as selectively allocating the attentional focus to potentially relevant locations/objects in the visual field, and (3) executive control -- defined as the ability to control our own behavior to achieve intended goals, resolve conflict among alternative responses, and inhibit impulsive responses.

The alerting network has been associated with the right frontal and parietal lobe, and the locus coeruleus, which provides the system with norepinephrine (NE) ([@B22]; [@B9]; [@B83]). The orienting network is thought to be mediated by a lateralized network located in the right superior parietal cortex and in the right inferior frontal gyrus ([@B23]), and it is modulated by the cholinergic system ([@B9]; [@B85]). Finally, the executive network is associated with the anterior cingulate cortex, the basal ganglia, and the lateral prefrontal cortex ([@B9]), and this network is modulated by the neurotransmitter dopamine (DA). Although deficits in the executive network have been associated with ADHD symptoms, there is also empirical evidence of ADHD patients having difficulties in controlling their level of arousal depending on the alerting network ([@B75]; [@B8]). Given the relevance of the attentional networks functioning to characterize attention-dependent deficits in ADHD, in this review, we want to go further and present recent evidence that highlights how this particular theoretical approach may help with the diagnosis and therapeutic strategies to tackle some core deficits related to the disease. In doing so, here we adopt the cognitive neuroscience approach as a theoretical umbrella to examine two more standard models that come from a clinical neuropsychological tradition: one model emphasizes executive function deficits in ADHD that are mainly related to a failure in inhibition, and the other model emphasizes a deficit of energetic factors among ADHD patients, leading to both inattention and hyperactivity symptoms.

Theoretical Models of Attention Deficit Hyperactivity Disorder {#S2}
==============================================================

As mentioned previously, there are several theories to explain the ADHD symptoms, but so far, two models have been dominant in ADHD research: (1) *the inhibition model* ([@B4]), which suggests that the core deficit in individuals with ADHD is poor behavioral inhibition associated with the executive network of the attention system and (2) *the cognitive-energetic model* (CEM; [@B74]), which proposes that the core problem in ADHD symptoms is a deficit in the energetic maintenance related to the alerting network. In this article, we aim to review some relevant evidence related to the two aforementioned ADHD models, and we use the Posner's cognitive neuroscience framework of attention to discuss empirical support for and the limitations of each model. A summary of evidence favoring each model is presented in [Supplementary Table 1](#TS1){ref-type="supplementary-material"}.

The Inhibition Model of Attention Deficit Hyperactivity Disorder {#S2.SS1}
----------------------------------------------------------------

Barkley's model ([@B4]) proposes that the central deficit in ADHD is poor response inhibition, which involves three interrelated processes: (1) to inhibit the initial prepotent response to an event; (2) to stop an ongoing response, allowing a delay in the decision to reply; and (3) to control interference from distracting information (to preserve a period of delay from distracting stimuli). The dysfunction in inhibition would lead to consequences on the efficient performance of the neuropsychological abilities named executive functions (EFs) \[e.g., non-verbal working memory (WM), self-regulation of affect, motivation, arousal, internalization speech or verbal WM, and reconstitution\], which in turn might affect motor control. Although the definition of EF varies, most of the abilities included by Barkley have been conceptualized as part of the executive attentional network ([@B9]). Following this approach, if behavioral inhibition is the core deficit in ADHD, we would expect children with ADHD to perform poorly on inhibition and EF tasks compared to typically developed peers; we would also expect abnormalities in the structure and function of brain areas involved in the executive attentional network, i.e., the anterior cingulate cortex and the prefrontal cortex modulated by DA.

### Behavioral Evidence {#S2.SS1.SSS1}

According to [@B4] model, previous behavioral studies have shown that children with ADHD symptoms show some deficits in inhibition ([@B10]; [@B36]; [@B92]; [@B70]; see also the following meta-analyses: [@B58]; [@B91]; [@B93]), verbal WM ([@B10]; [@B16]; [@B44]; [@B51]), non-verbal WM ([@B10]; [@B88]; [@B51]; [@B67]; [@B78]; [@B44]), self-regulation ([@B15]; [@B10]; [@B25]), and reconstitution ([@B10]; [@B39]). These findings might indicate that behavioral inhibition is the dysfunction underlying the ADHD symptoms. However, not all the evidence has been consistent. For instance, there are also studies that have failed to find significant differences in non-verbal WM ([@B10]; [@B36]; [@B16]; [@B70]), verbal WM ([@B78]; [@B61]), self-regulation of arousal ([@B80]), and reconstitution ([@B36]) between ADHD children and controls. In those cases, researchers have stressed the importance of taking into account the ADHD subtype (individuals with the prevalent inattentive subtype might exhibit impairments in processing speed and focused attention rather than behavioral inhibition and working memory deficits; [@B4]) and the developmental changes in EF (younger ADHD children, but not older children, were found to have deficits in verbal WM) to explain the inconsistent results.

In addition to the incongruent results in EF, there are also studies that have failed to find significant group differences in inhibition ([@B88]; [@B77]; [@B16]; [@B13]), which is especially critical because this mechanism has been proposed by Barkley to be the core failure in ADHD. To account for failures to find inhibition deficits in ADHD, some authors have examined the reliability of certain inhibition tasks, as some measures have been deemed insensitive to assess interference control in individuals with ADHD ([@B16]). In contrast, other researchers have claimed that the reason for the non-significant results might be the underaroused state of individuals with ADHD. Similarly, [@B77] argued that the non-significant differences in inhibition skills between individuals with ADHD and controls, measured by computerized tasks, might be due to the greater motivation, effort, and arousal evoked by computer games than the effort induced by traditional laboratory-based tasks. Consequently, the primary deficit might not be based on response inhibition but on the difficulty experienced by individuals with ADHD in reaching an optimal level of activation.

### Neurological Evidence {#S2.SS1.SSS2}

Regarding neurological evidence, we would expect individuals with ADHD to show abnormalities in the structure and function of brain areas involved in the executive attentional network (anterior cingulate, prefrontal cortex, and basal ganglia) as well as in the dopaminergic system compared to typically developed peers. In a recent review published by [@B34], the authors describe the volumetric reduction found in the basal ganglia in individuals with ADHD compared to controls ([@B29]; [@B56]; [@B33]), although the effect was attenuated over time and was no longer detectable in adulthood ([@B56]; [@B33]). Furthermore, some meta-analyses have shown hypoactivation in frontostriatal regions (right inferior frontal cortex, striatum, and supplemental motor cortex) ([@B40]) and frontoparietal areas (dorsolateral prefrontal, anterior cingulate, and inferior parietal cortices) in children with ADHD compared to controls during the performance of inhibition tasks ([@B24]). According to this view, an ample medical treatment used with individuals with ADHD involves stimulant drugs targeted to counteract a hypodopaminergic state ([@B3]). Interestingly, the serendipitous discovery that amphetamines make children calmer and more focused ([@B37]) has strongly supported the hypodopaminergic ADHD hypothesis. In addition, whereas the prevalence of DA in the nucleus accumbens may explain the ADHD alterations in reward sensitivity, the low levels of DA in the striatum may justify ADHD hyperactivity, and the presence of DA in the frontal cortex may support the decreased inhibitory control in ADHD ([@B11]).

The Cognitive-Energetic Model of Attention Deficit Hyperactivity Disorder {#S2.SS2}
-------------------------------------------------------------------------

The CEM focuses on energetic factors as the most critical explanation of ADHD, proposing that the deficit of these factors leads to both inattention and hyperactivity symptoms. This model claims that the overall efficiency of information processing is determined by the interplay among three mechanisms at different levels, with top-down and bottom-up streams among them ([@B74]). The *lower level* includes four general stages of computational mechanisms of attention: encoding, search, decision, and motor organization. The *middle level* comprises the energetic pools: arousal, effort, and activation. The arousal pool is defined as a phasic response that is time-locked to stimulus processing and is typically influenced by signal intensity and novelty, and it is behaviorally indexed by sleep--wake patterns. The effort pool is characterized by the energy necessary to meet with task demands, is located within the hippocampus, and seems to function by both exciting and inhibiting the other two energetic pools (arousal and activation). The activation pool is defined as the tonic physiological readiness to respond. Finally, *the upper level* refers to the executive control system and is associated with planning, response inhibition, error detection and correction responses, WM, and flexibility, among other abilities.

### Behavioral Evidence {#S2.SS2.SSS1}

Following this approach, impairments observed in individuals with ADHD are expected at the three levels of the CEM. For instance, motor difficulties have been reported in children with ADHD ([@B38]; [@B43]; [@B68]; [@B31]; [@B32]), which might reflect dysfunction at the lower level. Moreover, children with ADHD generally exhibit a dysfunction in their response inhibition (upper level), as we mentioned previously. However, this dysfunction is not specific to ADHD, as this deficit is also common to other disorders, such as conduct disorder and autism spectrum disorders ([@B58]; [@B35]). In fact, evidence suggests that inhibition deficits associated with ADHD may, at least in part, be due to energetic dysfunction ([@B76]). Although there are few specific tests to directly measure the energetic pool, some studies show that the event rate, that is, the speed with which stimuli are presented, affects the energetic state, and that the event rate is an important determinant of performance ([@B75]). A slow event rate would induce a rather underarousal/underactivation state, with slow and inaccurate responses, whereas a fast event rate would lead to a rather overarousal/overactivation state, resulting in fast and inaccurate responses. In fact, some behavioral studies indicate that individuals with ADHD perform more poorly in tasks involving slow event rates, with a significant slowing in reaction times ([@B53]; [@B89], [@B90]; for a review, see [@B55]), although the results are not consistent (e.g., [@B66]).

### Neurological Evidence {#S2.SS2.SSS2}

The conception of ADHD as a result of a hypoaroused brain state has been supported by electrophysiological studies. Previous electroencephalographic (EEG) studies among children with ADHD have reported an increase in low-frequency power (predominantly in the theta band) and a decrease in high-frequency power (alpha and beta bands) ([@B46]; [@B19], [@B20]; [@B50]; [@B18]). Specifically, the theta band has been related to low activation, such as in drowsiness states and relaxed wakefulness ([@B69]; [@B49]), whereas alpha and beta bands have been associated with goal-directed activities, sustained attention, and higher task-related attention ([@B47]; [@B26]). A greater ratio of the theta power band to the beta band (increased theta/beta ratio index) may reflect a reduced cortical control function, resulting in motivational imbalances ([@B71]). Moreover, this index has been found to be strongly associated with ADHD symptoms ([@B6]; [@B42]; [@B50]). In addition, evidence suggests that this difference in theta/beta ratio decreases across years ([@B2]; [@B50]). This hypoaroused cortical state has been mainly localized in the frontal and posterior areas ([@B20]), the same brain regions that have been identified as the neuroanatomical substrates of the attentional network ([@B63]). Since the right hemisphere (RH) plays a crucial role in maintaining and controlling both arousal and the intensity aspects of attention ([@B83]), if the pathophysiology of ADHD was a deficit in the arousal system, we would expect people with ADHD to show RH dysfunction. In fact, several studies have highlighted an impairment in both anterior and posterior RH areas related to the attentional system in ADHD ([@B79]). These dysfunctions are further supported by both behavioral and neuroimaging data ([@B87]).

The alerting system proposed by [@B64] has been related to the noradrenergic system and may modulate attention and arousal. Many studies have shown different neurotransmitters implied in ADHD, with NE being the most important neurotransmitter, and increasing evidence has shown less NE in ADHD patients than in controls (i.e., [@B12]). Since ADHD symptoms involve both attentional and arousal deficits, it is plausible that dysregulation of the NE system may be involved in the pathophysiology of ADHD ([@B12]; [@B59]). Furthermore, the atomoxetine, a drug effectively used for ADHD treatment, acts as an inhibitor highly selective of noradrenergic reuptake ([@B3]), which strongly supports a relationship between NE and ADHD. Finally, the depletion of NE results in increased distractibility and motor hyperactivity, both typically ADHD symptoms. In contrast, stimulation of the NE system is associated with a decrease in distractibility and an improvement of cognitive functions ([@B73]).

Conclusion {#S3}
==========

The exact etiopathogenesis of ADHD is still unclear. In this review, we discuss the behavioral and neurological previsions and evidence of two well-known models: *the inhibition model*, proposed by [@B4], and *the cognitive-energetic model*, introduced by [@B74]. On the one hand, the hypothesis of a dysfunction of the DA system and the related Barkley's model do not seem to explain all the characteristic symptoms of ADHD. Inconsistent results (e.g., [@B16]; [@B13]; [@B61]) highlight the relevance of considering other factors, such as the ADHD subtype, as well as the maturation of executive functions throughout life. On the other hand, many results (e.g., [@B55]; [@B18]; [@B8]) seem to support the hypothesis of dysfunction of the locus coeruleus-norepinephrine (LC-NE) system and therefore to sustain the hypoarousal and the RH hypothesis in addition to Sergeant's energetic model. In line with this, it has recently been proposed that the core problem in ADHD is an unstable arousal ([@B41]), and numerous findings seem to support this hypothesis (e.g., [@B82]; [@B8]). From this point of view, hyperactivity and sensation seeking are considered an organism's regulatory response to an unstable level of cortical arousal. The model provides an explanation for the attentional deficits, especially related to sustained attention and vigilance, and for the ADHD subtypes ([@B41]). Furthermore, sleep problems and circadian alterations are very common in ADHD patients, and many studies (e.g., [@B94]; [@B14]) have indicated that all factors inducing sleep deficits and dysregulation of arousal can impair ADHD symptoms. Finally, drug stimulants are known to reduce slow wave activity, attention deficits, and hyperactivity through the regularization of the arousal level. All of this evidence points to the dysregulation of arousal as a biomarker of ADHD, a relevant factor that should be considered in diagnostic processes and intervention programs.
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